C
hloroplasts, which originated from the endosymbiosis of an ancestor of today's cyanobacteria with a mitochondriacontaining host cell (1) , are the site of photosynthesis and thus represent the basis for all life dependent on atmospheric oxygen and carbohydrate supply. In higher plants, however, other types and more diverse functions of the plastid organelle family exist. Chloroplasts and nonphotosynthetic plastids of roots, pollen, and embryos provide essential compounds such as carbohydrates, amino acids, fatty acids, or secondary metabolites for plant growth and development. During biogenesis proplastids in meristematic tissue and etioplasts in dark-grown plantlets develop into the mature, photosynthetic chloroplast of the green leaf (2) . As their Gramnegative bacterial ancestors, all plastids are enclosed by 2 membranes, the outer and inner envelopes, which in addition to many biosynthetic capacities have to fulfill 2 distinct transport functions: (i) Because of their biosynthetic activity plastids are closely linked to the metabolic network of the plant cell. Thus, both envelope membranes mediate metabolite and solute exchange via specific channels and transporters (3, 4) . (ii) In the course of organelle evolution, most of the endosymbiont's genes were transferred to the host nucleus (5, 6) and therefore plastids have to import the vast majority of their protein constituents as precursors in a posttranslational event from the cytosol. In consequence the outer and inner envelope membranes are equipped with abundant protein translocon complexes (7) (8) (9) .
In general, preproteins imported into chloroplasts contain an N-terminal transit peptide that is both necessary and sufficient for targeting and translocation. Upon translocation, the transit peptide is cleaved off by a stromal processing peptidase and the mature protein is formed (10) . For most preproteins containing a cleavable N-terminal transit peptide, recognition and translocation are achieved by 2 distinct translocon complexes: the translocon of the outer envelope membrane of chloroplasts (TOC) and the translocon of the inner envelope membrane of chloroplasts (TIC), situated in the outer and the inner envelope membranes, respectively. The TOC complex is composed of 3 core subunits, i.e., the GTPdependent TOC33/TOC34 receptors, the GTP-dependent TOC159 precursor binding and motor protein, and the TOC75 translocation channel (11, 12) . In addition to this classical transit peptide-mediated protein translocation, several findings suggest that further import pathways exist. Proteins like a quinone oxidoreductase homolog (ceQORH, refs. 13 and 14), TIC32 (15) , and further integral proteins in the inner envelope membrane of chloroplasts (16) are imported without a cleavable presequence, but targeting is provided by internal sequence information. Except for TOC75 all membrane proteins in the outer envelope known so far are targeted to plastids without a classical transit peptide (17) .
Although it possesses an N-terminal transit peptide, an even more complex import pathway has been proposed for the preprotein of the plastid localized enzyme NADPH:protochlorophyllide oxidoreductase (POR, refs. [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] . POR catalyzes the lightdependent conversion of protochlorophyllide (Pchlide) to chlorophyllide (Chlide), which represents a central reaction in chlorophyll biosynthesis and thus plastid differentiation in angiosperms (28, 29) . In the model plant Arabidopsis 3 POR isoforms exist: PORA, -B, and -C (30) . Early in seedling development the PORA and PORB genes are strongly expressed. However, PORA is present only in etiolated tissue in the dark but is rapidly degraded in the light. In etioplasts of angiosperms, which contain a large prolamellar body and prothylakoids instead of thylakoids (31), the prolamellar body consists to a large extent of the Pchlide holochrome, comprising PORA, its substrate Pchlide, and NADPH (32) . Thus, PORA is responsible for Pchlide conversion upon illumination of seedlings catalyzing the essential light-dependent step in the etioplast to chloroplast transition during greening (de-etiolation). In contrast, PORB, which is stable in the light and regulated in a circadian rhythm (30, 33) , and PORC, which is present in the leaves of light-grown plants (34) , display expression patterns reflecting their function in constitutive chlorophyll biosynthesis (35) . Whereas the preprotein prePORB seems to follow the general TOC-TIC import pathway, the import of prePORA was suggested to diverge at the outer envelope membrane. In vitro import of prePORA was described by Reinbothe and coworkers to depend strictly on its substrate Pchlide (18-21, 24, 27) , thereby using a so-called Pchlidedependent translocon complex. In vivo data, however, revealed that this pathway is organ specific because prePORA requires its substrate Pchlide only in cotyledons to become imported into etioplasts and chloroplasts (22, 23) . The substrate dependence is lost in true leaves and therefore seems to be developmentally regulated in planta [for details see supporting information (SI) Discussion].
During in vitro import into isolated plastids from leaves of barley seedlings the outer envelope channel OEP16 was identified by Reinbothe and coworkers as a proteinaceous subunit of the Pchlide-dependent translocon complex by chemical cross-linking and co-immunoprecipitation of the PORA precursor (20, 21, 24) . According to phenotype analysis of an OEP16.1 knockout line in Arabidopsis it was then postulated that OEP16 represents the translocation pore for PORA (25) . Originally OEP16 was isolated as a transmembrane-spanning protein of 16 kDa from the outer envelope membrane of pea chloroplasts (36) . When reconstituted into lipid bilayer membranes, the corresponding recombinant Ps-OEP16 protein formed a slightly cation-selective channel with transport selectivity for amino acids and amines. Subsequent studies on the phylogeny and secondary structure revealed that OEP16 belongs to the superfamily of preprotein and amino acid transporters (PRAT) including the protein translocating channels Tim17, Tim22, and Tim23 of the inner mitochondrial membrane (16, 37) . Like these transporters, OEP16 forms 4 ␣-helical transmembrane domains (38) . In Arabidopsis 3 genes are coding for OEP16 isoforms, named OEP16.1, OEP16.2, and OEP16.4, respectively (16, 39) . At-OEP16.2 is expressed exclusively in plastids of late embryo development, early cotyledons, and pollen grains, whereas low levels of At-OEP16.4 transcripts are ubiquitously present. At-OEP16.1 is the most prominent isoform in the outer envelope membrane of Arabidopsis leaf chloroplasts (16, (39) (40) (41) and shows the highest sequence identity with OEP16 from pea and barley. In a study on chloroplast biogenesis using a mutant approach with single-and double-knockout lines for all plastid-localized Arabidopsis OEP16 isoforms we could show that none of the OEP16 isoforms is involved in prePORA import into cotyledon chloroplasts and etioplasts in vitro and in vivo (39) .
However, Reinbothe and coworkers came to a completely converse conclusion using an OEP16.1 single-knockout line of the same origin (25) . They report a strong de-etiolation phenotype during seedling growth of the T-DNA insertion line SALK024018 (42) . When seedlings were first grown in darkness and afterward exposed to white light, mutants rapidly bleached and died because of the phototoxic effect of free Pchlide a, which is not bound in the Pchlide holochrome and thus acts as a potent photosensitizer that upon illumination generates toxic singlet oxygen (43) . Mutant plants grown under continuous white light, however, were of wild-type appearance. This phenotype is well described for mutants of the FLU ( fluorescence) gene in Arabidopsis (44, 45) . Because FLU, a membrane-bound plastid protein, is a negative regulator of chlorophyll synthesis, conditional flu mutants accumulate free Pchlide in darkness. Immediately after a dark to light shift, flu seedlings bleach and die, whereas mature flu plants, which can survive the photooxidative stress caused by Pchlide, stop growing. In consequence, flu mutants have to be grown under continuous illumination, which inhibits accumulation of Pchlide because of its permanent light-dependent photoconversion. Because the T-DNA in SALK024018 is causing a knockout of the gene OEP16.1 and according to their previous in vitro studies (20, 21, 24) , Reinbothe and coworkers conclude that OEP16.1 is the translocation pore for prePORA in the outer envelope membrane of plastids (25) . Further, they postulate that the loss of OEP16.1 results in a lack of PORA in etioplasts that leads to the accumulation of free Pchlide a and in turn photo-oxidative damage of seedlings during dark to light transition. In contrast to the results of Reinbothe and coworkers, in our study the identical T-DNA insertion line for OEP16.1 greened and developed normally under a day-night regime and showed wild-type etioplast to chloroplast transition (39) .
Results
The Knockout of OEP16.1 Is Not Linked to De-Etiolation. To evaluate the proposed function of OEP16.1 during seedling de-etiolation, we analyzed the phenotype described by Reinbothe and colleagues in several lines segregating from the original T-DNA insertion line SALK024018. In this assay we first observed that the homozygous oep16.1-1 line that had been used for all experiments in our previous study (39) did not show a de-etiolation phenotype. However, to our surprise line 3.1, representing the respective wild type for the oep16.1-1 allele, displayed a phenotype in 37% of the seedlings tested. For quantification of the de-etiolation phenotype in 3 independent experiments we further included the homozygous oep16.1-1 line F6-4a that was used in the study by Reinbothe and coworkers (25) , direct progeny of freshly ordered SALK024018 seeds, and as controls a heterozygous flu mutant (44) and Col-0 wild type (Table 1 ). In all lines tested, the de-etiolation phenotype was detectable in different quantities, ranging from 5 to 15% background of nongreening bleached seedlings in Col-0 wild-type and SALK024018 lines 4.1 and 2.2 to severely affected in lines with 70-86% phenotype (F6-4a and 5.2). In parallel to phenotype quantification, PCR genotyping of all lines for the oep16.1-1 mutant allele ( Table 1 ) showed again that the de-etiolation phenotype was not segregating with the knockout of OEP16.1. We observed a phenotype in lines that were wild type for the oep16.1-1 allele, e.g., Table 1 ). In contrast, Col-0 wild type and lines without any de-etiolation defects (e.g., 4.1 and 2.2) showed yellow fluorescence. Furthermore, when grown under a normal day/night regime, all lines except flu, which stopped Except Col-0 and flu, all plants are progeny of the T-DNA insertion line SALK024018 (see Fig. S2 ). F6 -4a was published as Atoep16 -1 by Reinbothe and coworkers (25) . The de-etiolation phenotype (det-p) was monitored in 3 independent experiments on seedlings grown for 2.5 days in darkness. Three days after transfer to continuous white light (350 mol ⅐ m Ϫ2 ⅐ sec Ϫ1 ), bleached, dead seedlings (compare Fig. 1 ) were quantified in percentage of all plantlets. wt, wild type for the oep16.1-1 allele; ho, homozygous for oep16.1-1; n, number of seedlings monitored in at least 3 independent experiments. * , Lines with Ͼ30% dead seedlings (compare heterozygous flu control) were considered to show a de-etiolation phenotype. In parallel, all lines were PCR genotyped for the oep16.1-1 T-DNA insertion.
growing as described in the literature (44), were of wild-type appearance. In summary, our phenotype analysis reveals that several lines of SALK024018 display a de-etiolation defect. However, this phenotype is less strong than that reported by Reinbothe and coworkers and is not segregating with the knockout of OEP16.1.
Mature PORA and PORB Proteins Are Present in Etioplasts of OEP16.1
Mutant Lines. In addition to the de-etiolation phenotype Reinbothe and colleagues described, PORA protein was reported to be lacking in etioplasts of the oep16.1-1 mutant line. Thus, we compared PORA expression and the presence of mature PORA protein in etiolated seedlings of several lines, which where either homozygous or wild type for the oep16.1-1 allele, by quantitative RT-PCR, immunoblot analysis, and mass spectrometry (Fig. 2, Fig. S1 ). As shown in Fig. 2 A, (Fig. 2B) . Because PORA and PORB, due to their high sequence similarity, cannot be unequivocally distinguished by immunoblot analysis, the protein band corresponding to mature POR (36 kDa) was excised from SDS gels and subjected to mass spectrometry. Again we were able to identify specific peptide fragments of PORA and PORB protein in etiolated cotyledons of all lines analyzed (Fig. S1 , compare with ref. 39 ). Thus, we conclude that neither the lack of OEP16.1 nor the presence of the mild de-etiolation phenotype observed in the background of the SALK024018 T-DNA line affect PORA and PORB expression in etiolated seedlings. We deduce that the import of prePORA and prePORB is not impaired in these plants.
The Mutant Line SALK024018 Contains at Least 3 Different T-DNA Insertions. As described previously (39), the T-DNA insertion in OEP16.1 in SALK024018 is characterized by a concatemeric, back-to-back arrangement of pROK2 (Fig. 3A) . Because several lines of SALK024018, which were wild type for the oep16.1-1 allele, displayed a mild de-etiolation defect, we analyzed whether additional T-DNA insertions might be present by screening for kanamycin resistance and PCR genotyping. All seedlings homozygous for oep16.1-1 grew well on kanamycin, and on DNA of the same lines a 1209-bp PCR fragment was amplified by M13 primers, confirming the presence of the pROK2 T-DNA (42). However, lines 4.2 and 2.2, which were wild type for the oep16.1-1 allele, also displayed 100% kanamycin resistance and M13-PCR products, indicating the presence of Ͼ1 T-DNA. To track these additional insertions, we performed several rounds of inverse PCR and Table S1 ). In line 3.1, which is wild type for the oep16.1-1 allele and segregated in parallel to the oep16.1-1 mutant described in our previous study (ref. 39; see Fig. S2 ), we were able to identify a second T-DNA insertion by inverse PCR (Fig. 3B) . Here pROK2 inserted in the 5Ј-UTR, 4 bp upstream of the coding region for At1g70370, which is highly similar to AroGP1, the noncatalytic ␤ subunit of the polygalacturonase isozyme 1 (PG1) from tomato.
PG1 is a heterodimer built by AroGP1, also known as polygalacturonase converter, and PG2, the catalytic polygalacturonase subunit (46, 47) . Thus, AroGP1, which is secreted to the apoplast, plays a role in regulating pectin metabolism during fruit ripening of tomato by limiting the pectin solubilization and depolymerization catalyzed by the action of the monomeric PG2 polygalacturonase. The 3 tomato isoforms AroGP1, -2, and -3 are similar to their Arabidopsis orthologs At1g70370, At1g23760, and At1g60390. Because At1g70370 displayed the highest similarity to AroGP1 (57% amino acid identity), in the following we refer to this protein as At-AroGP1 and to the T-DNA insertion mutant discovered in SALK024018 as arogp1-1 (Fig. 3B) . So far, however, neither the proposed function of At-AroGP1 nor a phenotype of an Arabidopsis mutant line associated with the loss of At-AroGP1 have been published.
To our surprise we were able to identify a third T-DNA insertion in SALK024018 by TAIL-PCR on DNA of line 2.2, which is wild type for the oep16.1-1 and arogp1 alleles (Fig. 3C ). This approach revealed that pROK2 inserted into the putative promoter region of At3g29200, coding for the plastid-localized chorismate mutase 1 (CM1) in Arabidopsis (48) (49) (50) . Chorismate mutase is the first enzyme of the branch of the shikimate pathway, which leads to the biosynthesis of the aromatic amino acids phenylalanine and tyrosine. Thereby CM catalyzes the conversion of chorismate into prephenate. In Arabidopsis 3 isoforms of chorismate mutase exist. Whereas CM1 and CM3 are predicted to be plastid localized, CM2 appears to be cytosolic (49, 50) . Although the function of CM has been characterized in vitro in detail, nothing is known about the impact of plastid or cytosolic CM function in planta and no CM mutant lines have been described in Arabidopsis so far.
A Search for Factors Influencing Etioplast-Chloroplast Transition.
To evaluate whether the identified mutations in AroGP1 or CM1 contribute to the de-etiolation phenotype detected in SALK024018, we PCR genotyped all lines used in the phenotype analysis for the aropg1-1 and cm1-1 alleles. As shown in Table 2 , however, neither homozygosity of aropg1-1 nor homozygosity of cm1-1 directly segregated with the de-etiolation phenotype. Whereas line 4.1 (homozygous for oep16.1-1 and aropg1-1 (Right) In homozygous cm1-1 mutants gene-specific sense and antisense primers in combination with an internal T-DNA primer (truncated RB) and the left border primer amplify products of 3,509 and 431 bp, respectively. In lines wild type for cm1-1 a 553-bp PCR product is detected by the gene-specific primer pair, whereas the same product is absent in homozygous cm1-1 (GS wt, GS ho). Different lines segregating from SALK024018, which displayed variable quantities of a de-etiolation phenotype (det-p) as described in Table 1 , were PCR genotyped for the T-DNA insertions in OEP16.1, AroGP1, and CM1. wt, wild type; ho, homozygous for the respective mutant allele. * , Lines with Ͼ30% dead seedlings (compare heterozygous flu control) were considered to show a de-etiolation phenotype. mutation of OEP16.1 nor coupled to mutation of AroGP1 or CM1. Because line 19.3 was not resistant to kanamycin and the M13-PCR proofing insertion of pROK2 failed, the de-etiolation phenotype in SALK024018 most likely is not caused via a fourth T-DNA insertion but maybe by a point or footprint mutation. To exclude that a point mutation within the FLU gene is generating the observed defects in etioplast-chloroplast transition (compare with ref. 44 ) we cloned and sequenced Ͼ10 different PCR products of the FLU gene on genomic DNA of lines F6-4a and 19.3. However, no point or footprint mutation responsible for the observed deetiolation phenotype could be detected within FLU.
To further identify genes with a function in etioplast-chloroplast transition, we performed DNA microarray analysis and compared the transcript content in 8-day-old seedlings from line 5.2 (85.8% phenotype, see Table 2 ) with that of lines 4.2, 2.2, and Col-0 wild type (46.9, 5.1, and 14.7% phenotypes, respectively, see Table 2 ). In general, except for OEP16.1, AroGP1, and CM1 (Fig. 4) , transcript regulation of other genes was of weak significance. However, we selected 11 genes that displayed a slight decrease in mRNA content in lines exhibiting a phenotype (5.2 and 4.2) when compared to nonphenotype controls (lines 2.2 and Col-0). Proteins encoded by these genes were either predicted to be plastid localized or associated with a function that might be involved in de-etiolation. However, none of the isolated genomic DNA of all 11 candidates contained an additional T-DNA within the coding region or displayed other abnormalities. In addition, the reduced transcript content of the selected genes did not correlate with the deetiolation phenotype. Thus, we conclude that these candidates are not directly involved in etioplast to chloroplast transition. Surprisingly the microarray analysis revealed that, although lines 2.2 and 5.2 are both homozygous for the cm1-1 T-DNA insertion, only in line 5.2 was the transcript content of CM1 reduced when compared to wild type (see Table 2 and Fig. 4 ). Because line 2.2 never displayed a de-etiolation phenotype, while line 5.2 is severely affected, reduced CM1 transcripts might be linked to the phenotype.
Discussion
OEP16 Is Not Involved in Etioplast to Chloroplast Transition. We reproduced and quantified the de-etiolation phenotype of the Arabidopsis T-DNA insertion line SALK024018 as described by Reinbothe and coworkers (25) . However, this phenotype is less strong than that reported and more importantly it is not segregating with the knockout of OEP16.1 (Table 1, Fig. 1 ). One striking impairment of the phenotype analysis by the Reinbothe group is that neither was the respective wild-type background for OEP16.1 in SALK024018 included nor could the phenotype be reproduced by an independent OEP16.1 knock-out allele or be complemented by the reintroduction of functional OEP16.1 protein (see SI Discussion). Further, they published a qualitative phenotype analysis only, lacking a statistical evaluation (i.e., analysis of different lines in independent biological replications). When these standard requirements of adequate mutant and phenotype analysis are provided (see Table 1 ), it becomes evident that the loss of OEP16.1 function is not segregating with the de-etiolation phenotype observed. Together with our previous analyses on single and double mutants of all OEP16 isoforms in Arabidopsis, which include in vitro protein import, gene expression, and electron microscopy data (39) , and the fact that also the OEP16.1/OEP16.2/OEP16.4 triple knockout grows and develops normally under a standard day/night regime, we conclude that none of the Arabidopsis OEP16 proteins is involved in etioplast to chloroplast transition.
OEP16.1 Is Not the Import Pore for prePORA. By using urea-denatured precursor proteins, Reinbothe and coworkers showed that pre-PORA is not imported into plastids of their oep16.1-1 mutant (25) . However, when in vitro protein import is performed with nondenatured precursors, PORA translocation in OEP16 mutants is not impaired (ref. 39 , see SI Discussion). Further, Reinbothe and colleagues described that mature PORA is absent in etioplasts of oep16.1-1 mutants. In contrast, in the current study we showed that in none of the 6 different SALK024018 lines used the transcript content of PORA in etioplasts was significantly changed when compared to wild type (Fig. 2 A) . Further, mature protein and peptides of PORA were detected as well (Fig. 2B, Fig. S1 ). In summary, in all lines analyzed PORA expression did not change with respect to OEP16.1 mutation or with respect to the deetiolation phenotype. Thus, we conclude that neither the lack of OEP16.1 nor the presence of the mild de-etiolation phenotype observed in the background of the SALK024018 T-DNA line affects PORA expression in etiolated seedlings. We deduce that the import of prePORA is not impaired in these plants and that OEP16.1 does not represent the import pore for prePORA.
From a physiological point of view, several observations argue also against OEP16.1 function in prePORA translocation. First, gene expression patterns of OEP16.1 and PORA are completely opposite. Corresponding to its strictly light-dependent function converting Pchlide into Chlide, PORA transcripts and protein in Arabidopsis are present in etiolated tissue only and rapidly degrade upon illumination (30) . OEP16.1 in contrast is the major OEP16 isoform in green rosette leaves and during seedling development is expressed in response to light stimulus (39 phenotype (Table 2) . Thus, it seems that OEP16.1, AroGP1, and CM1 are not involved in etioplast to chloroplast transition in Arabidopsis. Instead the function of OEP16 recently was linked to amino acid transport in planta (51) . In this study, the seed-specific overexpression of a plasma membrane-localized amino acid permease in pea led to increased amino acid supply and OEP16 transcripts in embryos. Together with the in vitro selectivity of Ps-OEP16 for amino acids (36) , it thus seems very likely that OEP16 is involved in amino acid transport across the outer envelope membrane of plastids. AroGP1 is a polygalacturonase converter, which is secreted to the apoplast and plays a role in regulating pectin metabolism during fruit ripening of tomato (46, 47) . Hence, in Arabidopsis, it is implausible that AroGP1 functions in plastid biogenesis. Chorismate mutase is catalyzing a necessary step in the biosynthesis of the aromatic amino acids phenylalanine and tyrosine. Because aromatic amino acids are not only essential protein components, but also crucial precursors for a number of secondary plant metabolites, the loss of CM function should cause severe defects or even lethality. The Arabidopsis isoform CM1 is predicted to be plastid localized (49, 50) and therefore might play a role in chloroplast biogenesis. The cm1-1 T-DNA insertion identified in SALK024018 leads to a 179-bp deletion in the putative promoter region. However, this did not necessarily reduce CM1 mRNA in homozygous cm1-1 lines. Whereas in line 5.2 the transcript level of CM1 was reduced, it was not significantly decreased in line 2.2. Interestingly, line 5.2 was characterized by a strong de-etiolation phenotype, while line 2.2 displayed no defect upon dark to light transition. Thus, it is tempting to speculate that deregulation of CM1 expression has an indirect effect on light-induced chloroplast biogenesis in Arabidopsis cotyledons. Gene Expression Analysis. Immunoblot, peptide mass fingerprints, and transcript quantification were performed as described previously (39) . For details see SI Methods.
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